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Abstract. Assessment of the structural condition plays an important role in determining structural reliability. 
Development of systems which can monitor structural condition should lead to improved structural safety and 
reliability. Damage detection is a crucial issue in structural health monitoring and represents therefore an 
important focus of the research interest over the past years. In this work we present the methodology based on 
implementation of active piezoelectric materials embedded in or attached to engineering structures, which can 
successfully be implemented for detection of possible damages owing to their coupled electro-mechanical 
behavior. Here particularly we are focused on piezoelectrically induced wave propagation through concrete 
structures, with the aim of damage detection. The method presented here is based on determination of damage 
indices which reflect the energy variations of the output piezoelectric sensor signals. Due to wave energy change 
in directions between actuators and sensors in the presence of a damage it is possible to locate the damage by 
overlaying the images of the damage indices in different directions. Implementation of the method is 
documented by examples. 
 
 
1 INTRODUCTION 
Piezoelectric materials offer a wide range of implementation possibilities owing to the 
coupled electro-mechanical behaviour which can be manifested in terms of a direct or indirect 
piezoelectric effect. One important implementation enables structural condition assessment 
within active structural health monitoring which comprises damage detection, localization and 
prediction. 
In this paper, a novel damage localization method based on the one-dimensional damage 
index (DI) calculation is proposed. One-dimensional DI based on the wave propagation 
energy and the wavelet signal decomposition has been widely used for damage detection in 
reinforced concrete (RC) structures using non destructive techniques, e.g. [1-3]. In this paper, 
DI is used in an original way as a parameter for 2D damage localization. The wavelet signal 
decomposition is used as the signal processing tool to analyze the sensor output signals in the 
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wave propagation. The reasons are the excellent properties and possibilities for the application 
in relatively narrow frequency band and relatively short time window. The robustness of the 
approach is based on the multifunctional nature piezoelectric materials owing to the coupled 
electro-mechanical behaviour, making them suitable for both actuation and sensing. This 
property is used in the present approach to extend the one-dimensional energy based damage 
index for 2D damage localization. 
2 NUMERICAL MODELING OF THE COUPLED ELECTRO-MECHANICAL 
BEHVAIOR AND WAVE PROPAGATION 
The proposed method for the damage detection and localization based on the damage 
indices utilizes the electro-mechanical coupling in piezoelectric materials which are used in 
terms of transducers or smart aggregates (further regarded as PZT SA) integrated on or within 
a structure under investigation to induce and register the waves propagating through the 
structure. 
2.1 FE modeling of the coupled electro-mechanical behavior of piezoelectric materials 
Piezoelectric materials can operate in one of two modes: the converse effect, producing a 
strain or mechanical deformation in response to an applied electrical field; and the direct 
effect, producing an electrical charge in response to an applied stress. FE modeling of 
piezoelectric materials is based on constitutive equations for coupled electro-mechanical 
behavior. A set of constitutive equations for a piezoelectric linear medium, used for modeling 
within a standard FE software can be expressed in terms of (1) or (2), with the following 
notation: ij , ij  mechanical stress and strain tensors, respectively; iq  the electric 
“displacement” vector, EijklD  elastic stiffness matrix of the anisotropic material, defined at zero 
electrical potential gradient; mije , 

mkld  piezoelectric stress and strain coefficient matrices of 
the anisotropic material, iE  electrical potential gradient vector, )(ijD  dielectric properties 
strain matrix of the orthotropic material. The electrical behavior is defined by (3). 
mmijkl
E
ijklij EeD
   (1)
 mmklklEijklij EdD    (2)
jijjkijki EDeq
)(    (3)
The piezoelectric effect is governed by the coupled mechanical equilibrium (4) and electric 
flux conservation (5) equations. 
  VSV udVfudStdV  :  (4)
  V VS SV dVqdSqEdVq :  (5)
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Here   is the Cauchy stress tensor, t the traction across a point of the surface of the body, f  
the body force per unit volume, q the electric flux qS the electric flux per unit area entering the 
body at a point on its surface, qV the electric flux entering the body per unit volume. In 
modeling of the piezoelectric effect for the characterization of the wave excitation and sensing 
the coupled piezoelectric behavior is considered in terms of deformation induced by the 
piezoelectric effect. 
 
Figure 1: Undeformed (left) and deformed (right) state of the aggregate with bonding between the active 
piezoelectric material and the surrounding structure  
For that purpose application of the voltage to the piezo actuator or embedded aggregate is 
assumed, which in turn produces appropriate structural deformation. In a particular case of 
damage detection in concrete structures the model of a piezoelectric material is assumed as 
orthotropic for the definition of dielectric properties and the concrete structure is modelled 
with linear elastic material properties assigned from the FE software data bank (here 
particularly eight-node linear piezoelectric brick element C3D8E in the ABAQUS software). 
In addition, the proportional Rayleigh damping is assumed. The contact surface between the 
piezoelectric material and the concrete structure is defined using the tie constraints which 
assume equal displacement of the corresponding joint nodes. As a result of the quasi-static 
analysis [4] performed by applying linearly increasing step-wise constant electrical voltage 
(from 0V to 100V with 10V step) the linear relation between the applied electric voltage and 
the mechanical displacement at considered contact point is obtained, Fig. 1. Thus, for further 
numerical consideration the obtained results for the maximal displacement are used as the 
input parameter for the initiation of the wave propagation modeling using explicit FEM. 
2.2 Modeling of the wave propagation using explicit finite element approach 
Starting point for modeling of the wave propagation using the Explicit Finite Element 
Method (EFEM) is the second Newton law written in matrix form [5]: 
 F M A (6)
with: 
 ,
s
m
i ij M j i M i MF d f d g d
  
           (7)
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 MN M NM d

    (8)
 N Ni iA u t  (9)
Detailed explanation of the terms in (6)(9) can be found in [5]. The system defined by (6) 
represents a system of differential equations of second order in time, which in general case 
can be linear or nonlinear. In order to solve this system, the explicit scheme based on the 
method of central differences for the approximation of acceleration, velocity and 
displacement has been used. Assuming that the time range (0, )T is steadily divided into N 
even sub-domains [tn, tn+1], where 0 1 10 ... ,N n nt t t T t t t T N         , the 
displacement, velocity and acceleration differentiated through time and approximated by the 
method of central differences, can be expressed in the vector form: 
 1/2 1 1/2/       h h h ht n n n nu u u t u  (10)
   2 21/2 1/2 1 1/ 2 /            h h h h h hn t n t n n n nt u u u t u u u t   
 1/2 1/2 /     h h hn n nu u u t   
21/2 1/2      h h ht n t n ntu u u t  
(11)
1 1/2    h h hn n t nu u u t   
For the approximation of acceleration by the method of central differences, which is 
presented by equations (10) and (11), the equation (6) has been defined in the form: 
2
1h
n nt
u M F    (12)
Equation (12) is stable if the time step Δt is less than or equal to the critical time step Δtcrit, 
which for the non-damping systems has been given depending on the biggest frequency  in 
the smallest finite element. 
max
2
critt t      (13)
For the modeling of the wave propagation, with the assumption that small deformations can 
occur, it has been adopted that the critical time step is the time of propagating the waves 
through the smallest finite element: 
crit
L
Lt t
c
     (14)
with: ΔL – the smallest characteristic dimension of the finite element, Δt – the time step and 
Δtcrit – the critical time step.  
By the analysis of equation (14) it is easy to come to a conclusion that for the smaller finite 
elements the smaller time step is required. With this regard the calculation of characteristic 
values with finer finite element meshes, becomes computationally more demanding. 
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Furthermore, since it is usual to use at least ten finite elements per wavelength, for modeling 
of the ultrasound wave propagation even relatively small models are very demanding from 
the computational point of view. 
3 ENERGY BASED DAMAGE LOCALIZATION APPROACH 
3.1 One-dimensional damage index 
The starting point for the energy based hybrid method is determination of the damage 
index, which is in the first approach defined as a one-dimensional index calculated based on 
the time domain measured (output) sensor signal. The output sensor signal can be 
decomposed into 2n signal sets (Deubechies wavelet base db9 is used as the mother wavelet) 
denoted as  1 2 2, ,..., .nX X X  Each of the signals Xj can be represented in the following way: 
,1 ,2 ,, ,...,j j j j mX x x x     (15)
where m represents the number of measured data of the time signal, and n is the level of the 
wavelet signal decomposition (here 3n ). The energy of the decomposed output signal S is 
then defined using the following relation: 
2 2 2 2
, ,1 ,2 ,2
...    i j j j j j mE X x x x  (16)
where i is the time index and j the frequency range, 1,2,...,2nj  . The energy of the 
decomposed output signal is then defined for an undamaged (health) Eh and damaged state Eo 
respectively in the following way: 
,1 ,2 ,1 ,2,2 ,2
, ,..., , , ,..., .n nh h h o o oh oE E E E E E E E         (17)
A one dimensional damage index DI based on the output signal energy variation is formed as 
a root-mean-square deviation: 
 2 2, ,
1
2
2
,
1
n
n
o j h j
j
h j
j
E E
DI
E






 
(18)
Its values may vary from zero for undamaged structures up to the value of one associated with 
the complete structural collapses. The increase of the damage index is associated with the 
increase of the damage within a structure and therefore it is possible to monitor condition of 
the structure by monitoring the variation of the damage index. 
3.2 Implementation of the damage indices for 2D damage detection problems 
The proposed method is here aimed at damage detection and localization in concrete 
structures. It is developed for the arbitrary shape of a 2D reinforced concrete element and for 
the arbitrary configuration and number of the applied PZT SA. The actuator (point i in Fig. 2) 
at a single time point causes the propagation of a mechanical wave, while all other PZT SA 
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are used as sensors detecting the transmission wave (points denoted as j, k, …, f in Fig. 2). 
Successively, the next PZT SA is activated, while all others are used as sensors, etc. In this 
way the covered area is divided into a finite number of triangles connected along the common 
edges, which edge points are defined by the PZT SA actuator and the adjacent sensors. 
 
Figure 2: Division of the analyzed area into triangles (T) and damage index values (DI) for actuator-sensor 
directions 
For each actuator-sensor pair, the one dimensional damage index is calculated according to 
equation (18). It is assumed that the damage index Dij has constant value along the entire 
actuator-sensor direction. Damage indices for all pairs are stored in the matrix MDI, equation 
(19). The elements DIij (i=j) are equal to zero, while other elements are generally non-zero, 
and for the non-symmetric problem ij jiDI DI . 
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(19)
The damage indices are interpolated linearly within each of the triangles formed by an 
actuator and two sensor points. The interpolation procedure is performed within a Matlab 
code which uses the dimensions of the RC element, coordinates of the PZT SA, connectivity 
matrix for the triangles defined by the actuator-sensor pairs and DI values for all actuator-
sensor pairs as its inputs. The program divides the RC element into the finite element mesh 
with the mesh density of FL, and calculates the DI for each node n, using the linear 
interpolation procedure in the following way: 
s
DI
DI
s
i i
n
  1  
(20)
where 
1
s
ii
DI  is the sum of all damage indices in the current node for all actuator-sensor 
pairs, while s is the number of summations at current node. 
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4 IMPLEMENTATION EXAMPLES AND DISCUSSION 
Implementation of the DI based method for damage detection and localization is presented 
by some numerical examples and experimental verification. The wave propagation is 
employed for detection of crack-type damages as well as for the detection and localization of 
hole-type damages in RC specimens. 
4.1 Detection of inclined and vertical crack using one dimensional DI 
Considered structure is an RC element, dimensions 0.60.20.2 [m] with the 
reinforcement 420 and with two PZT SA (Fig. 3). The parametric analysis of the damage 
index variation was performed, depending on the position (Lp), size (Hp) and orientation (αp) 
of the crack in the mentioned RC element. The position of the cracks, for models with vertical 
crack, was varied from the value 0.15m to 0.45m with the increment of 0.05m. The lengths of 
the cracks 0.05, 0.08, 0.11 and 0.14m were analyzed as well as the crack angles from 60º to 
120º, with 10º counterclockwise increments. 
 
Figure 3: Geometric characteristics of the RC element 
Concrete and reinforcement are modeled as linear-elastic materials with following material 
characteristics: Young’s elasticity modulus of concrete is 30109 Pa and of steel 210109 Pa; 
Poisson’s ratio of concrete is 0.2 and of steel 0.3, while the density of concrete is 2400kg/m3 
and of steel 7800kg/m3. 
Displacements obtained from the model of PZT SA were used as an input parameter for 
modeling of the wave propagation, performed in ABAQUS/EXPLICIT software package. 
Function of the displacement variation used in the analysis is 3.5-cycle Hanning windowed 
tone burst signal with duration of Tsig=3.5105 s and central frequency fcen=100 kHz. 
The contact of the concrete and the reinforcement is defined by Tie Constraint surface contact 
available in ABAQUS/EXPLICIT analysis with the potential for rotational degrees of 
freedom. The crack was modeled as an opening in the model, having the thickness of a finite 
element with a length and orientation defined for each individual model separately. The total 
duration of the simulation was Tsim=0.001s, and the adopted time increment was ∆t=2e7s, 
which satisfies the critical time increment. The applied finite elements were C3D8R eight-
node prismatic finite elements with reduced integration and Hourglass control. 
Fig. 4 represents the wave propagation through RC element with inclined crack damage. The 
element is cut through the medium vertical plane in the direction of RC element in order to 
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better display propagation of the waves inside the RC element. Fig. 4c and 4d show that the 
waves partly reflect on the crack and return to the actuator, weakening thus the propagating 
wave and reducing the energy of the output signal. The other part of the wave passes the crack 
nearby, propagating through the RC element and reaching the PZT SA sensor.  
 
 
 
Figure 4: Wave propagation in model with inclined crack caused by PZT PA actuator at different time instants: 
a) t = 2.0172105 s, b) t = 4.0172105 s, c) t = 8.0172105 s, d) t = 1.4011104 s. 
 
Figures 5 and 6 represent the values of the damage index for different analyzed models 
depending on the position, length and orientation of the crack. The values are displayed over 
the geometry of numerical models in order to observe the change of the damage index more 
easily for the models with vertical (Fig. 5) and with inclined cracks (Fig. 6). 
Fig. 5 shows that the change of the damage index value is not drastically depending on the 
position of the crack and that the values most frequently differ up to several percents. Also, 
the shape of the damage index variation is convex for the models with crack length of 0.05 m 
while in case of the models having crack lengths of 0.11 and 0.14 m the shape is concave. The 
model with the crack length of 0.08 m has approximately same values of the damage index, 
with the mild convex trend. In case of the model with slant cracks (Fig. 6) the variation of the 
damage index depending on the gradient of the cracks basically does not exceed 5%. Also the 
models with vertical cracks mainly do not exceed the mentioned percentage. A small 
percentage of DI variation depending on the position and orientation of the crack leads to the 
conclusion that DI is in direct relation with the size of the crack, position of the PZT SA 
actuator-sensor as well as geometry of RC beam, and does not depend much on the position 
and orientation of the damage.  
 
a) b) 
c) d) 
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Figure 5: Damage index value depending on the position and size of vertical cracks. 
Figure 6: Damage index value depending on the orientation and size of inclined cracks. 
 
4.2 Damage localization using hybrid method 
Using the hybrid approach and the methodology explained in section 3.2 damage 
localization was performed based on several different models of square RC plates with hole-
type damages. The analyzed elements have dimensions 4040 [cm], thickness 4 cm, and are 
either with a single circular hole of radius 4 cm, or with two holes of the same radii. The 
behavior of the damaged models has been compared with the intact one. The number of PZT 
SA has been varied (the models with 12, 16 and 20 actuators/sensors have been adopted). The 
models with multiple damages have been analyzed in order to check the applicability of the 
method for the localization of multiple damages in the RC element. Wave propagation 
modeling was performed under same conditions as in section 4.1. Results of the wave 
propagation modeling and analyses are presented in the following Fig. 8 and 9. 
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Figure 8:  Wave filed: a) free wave propagation at t=3.22310-5s, b) wave reflection at t=8.8110-5s. 
  
Figure 9:  Wave filed: a) damage passing at t=1.52210-4s, b) further wave propagation at t=2.24010-4s. 
Fig. 8a illustrates the initiation of wave propagation from the actuator through the damaged 
plate with a single hole. At that moment the wave propagates freely through the RC plate and 
its propagation is restricted only along the top and bottom plate surface. The first wave 
reflection from the damage is shown in Fig. 8b. The wave reflection from the plate ends, as 
well as the propagation of the primary part of the wave towards the damage, is clear from Fig. 
9a. Fig. 9a illustrates the propagation of the wave at the moment when the wave passes the 
damage. It is clear that the entire wave could not pass the damage, and that the part of the 
wave was reflected in the opposite direction. Further propagation of the reflected waves from 
the plate ends is shown in Fig. 9b. 
For different analyzed scenarios, the corresponding models in ABAQUS/EXPLICIT have 
been generated, and the simulations of the wave propagation for all possible combinations of 
the PZT SA sensor/actuator have been conducted. For all sensors, the output signals have 
been read in time domain and the wavelet signal decomposition has been performed. For all 
decomposed signals, the signal energy has been calculated and the damage indices have been 
derived. Using the own Matlab code and the previously described procedure of the hybrid 
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approach the damage localization has been performed. Representative results are presented in 
Fig. 10 and 11. 
a)  b)  
Figure 10: Damage localization for models with different number of sensing points (one hole model) 13 & 15 
a)  b)  
Figure 11: Damage localization for models with different number of sensing points (two hole model) 16 & 18 
The analysis of the obtained results has shown a good agreement between the shape and 
position of the damage detected by the hybrid approach and its assumed real shape and 
position.  The deviation of the damage centroid position (CT – “real”, CH – obtained by hybrid 
approach, Fig. 10 and 11) does not exceed 1 cm for all investigated models, while for most of 
them it does not exceed the range of several millimeters, which suggests that the proposed 
approach is very good for the damage localization. 
4.3 Experimental verification 
Verification of the proposed approach has been performed under laboratory conditions 
using a laser scanning based system with piezoelectric excitation of the wave propagation. For 
the excitation the piezoelectric transducer S 24 HB (product of Karl Deutsch) in the frequency 
range with the central frequency 100Hz was used, and for the response data acquisition – the 
ultrasonic laser scanning receiver BNT Quartet 500 produced by the Bossa Nova 
Technologies. Fine resolution positioning of the ultrasonic receiver is enabled by implement-
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tation of a positioning system (own development of the Research Group Mechanics of 
Adaptive Systems, Ruhr University Bochum), installed on the vibration isolating optic table 
Newport M-RS200-46-8. Results of the damage detection and localization based on the 
experimentally acquired data with three actuation/sensing points along each side of the RC 
plates are presented in Fig. 12a for the one hole model (compare with Fig. 10a) and in Fig. 
12b for the two hole model (compare with Fig. 11a). A very good agreement verifies the 
proposed approach. 
 
    a) b)  
 
Figure 12: Damage localization based on experimental data. 
5 CONCLUSION 
The paper presents an efficient hybrid method for damage detection and localization in 
engineering structures using a damage index approach based on the wave propagation 
initiated by excitation through piezoelectric materials. The proposed method has been 
investigated numerically and experimentally and a very good agreement of the obtained 
results provides a promising basis for further implementation and development. 
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